Abstract: Preparation conditions of millimeter-scale fibrous octacalcium phosphate (Ca8H2(PO4)6·5H2O: OCP) particles by homogeneous precipitation method were examined, using Ca(NO3)2, (NH4)2HPO4, urea ((NH2)2CO; precipitant) and conc. HNO3 (precipitation inhibitor). The starting solution (200 cm 3 ) with 0.0266 mol•dm -3 Ca(NO3)2 and 0.0200 mol•dm -3 (NH4)2HPO4, i.e., the stoichiometric Ca/P ratio of OCP (=1.33), was heated under reflux at 80ºC for 24 h in order to encourage the precipitation, due to the hydrolysis of urea to dissociate ammonia; however, the reaction products were not only OCP but also CaHPO4. The increase in Ca/P ratio and diluted concentrations of starting calcium phosphate solution made the formation of longer fibrous OCP particles possible, i.e., approximately 1000m of mean long-axis length due to the heating of 0.0500 mol•dm -3 Ca(NO3)2 and 0.0300 mol•dm -3 (NH4)2HPO4 solution (Ca/P ratio=1.67) under reflux and approximately 1200m due to the heating of 0.0500 mol•dm -3 Ca(NO3)2 and 0.0250 mol•dm -3 (NH4)2HPO4 solution (Ca/P ratio=2.00)), both using 0.20 mol•dm -3 urea.
INTRODUCTION
The octacalcium phosphate (Ca8H2(PO4)6•5H2O; OCP) is known as a precursor of hydroxyapatite (Ca10(PO4)6(OH)2: HAp) 1, 2 . As is the case of HAp, OCP possesses bone regenerative and biodegradable characteristics 3 , and it may be applied to the drug carriers 4 and scaffold 3, 5 . The scaffold is also fabricated by the combination of OCP with polymers 3 , such as collagen 6 and alginate 7 . Generally, OCP is prepared by the chemical reaction, due to the careful pH control of the solution. The typical reactions for the formation of OCP are: (i) hydrolysis of calcium hydrogenphosphate dihydrate (CaHPO4•2H2O) 8, 9 , (ii) hydrolysis of -tircalcium orthophosphate (-Ca3(PO4)2) 10, 11 , and (iii) precipitation from the aqueous calcium phosphate solutions [12] [13] [14] . Relating to (i), the hydrolysis of CaHPO4•2H2O typically forms the needle-like OCP particles with the long-axis length of 2-5 m, reflecting the shapes of original CaHPO4•2H2O particles, e.g., tubular, needle-like, lath-like, and rectangular prismatic crystals 15 . Relating to (ii), the hydrolysis of -Ca3(PO4)2 typically results in the formation of strip-like crystals with the sizes of around 5 m 10 . Relating to (iii), the present authors prepared the fibrous OCP particles with the long-axis lengths of approximately 200 m by the homogeneous precipitation method, using urea (CO(NH2)2; precipitant), i.e., the precipitation of OCP with increasing pH, due to the dissociation of ammonia 12 . Similar results on such long-axis lengths have also been obtained by Lu et al. 14 Furthermore, Li et al. 16 prepared the fibrous OCP particles with the long-axis lengths ranging from 300 to 700 m by homogeneous precipitation method, additionally using glutamic acid for the modulation of crystallization. Nevertheless, little information on the preparation of fibrous OCP particles with millimeter-scale long-axis lengths has been available until now. Such long-fibrous OCP particles are beneficial for the potential use as the nonwoven membrane or fiber-reinforced composite materials. Based upon such background, the present research was conducted in order to examine the preparation conditions of long-fibrous OCP particles with millimeter-scale lengths, due to the optimization of precipitation conditions from the calcium phosphate solution.
MATERIALS AND MEHODS

Preparation of OCP particles
The preparation of fibrous OCP particles was conducted by homogeneous precipitation method, using urea as a precipitant. A three-necked flask, attached to the thermometer, pH meter and Liebig condenser, was employed for the homogeneous precipitation at 80°C for 24 h, using the solution (200 cm 3 ) with Ca(NO3)2, (NH4)2HPO4, urea and conc. HNO3 (precipitation inhibitor when mixed with these reagents). The concentrations of Ca(NO3)2/ (NH4)2HPO4 (mol•dm -3 /mol•dm -3 ) were 0.0266/ 0.0200 (Ca/P:1.33), 0.0167 ~ 0.1670/0.0100 ~ 0.1000 (Ca/P: 1.67) and 0.0400/0.0200 (Ca/P: 2.00), together with 0.04 ~ 0.40 mol•dm -3 urea which helped enhancing pH of the solution, due to the hydrolysis to dissociate ammonia. After the precipitates were filtered off with suction, they were washed with deionized water repeatedly until the pH became 7, followed by drying at 60°C for 24 h.
Evaluations
The phase identification was carried out using an X-ray diffractometer (XRD; RINT2100V/P, Rigaku Corp., Tokyo) with monochromic CuK radiation (40 kV and 40 mA). The particle morphology was observed using a field-emission scanning electron microscope (FE-SEM; SU-8000, Hitachi, Tokyo, accelerating voltage 5 kV). The amounts of calcium and phosphorus elements were checked using an energy-dispersive X-ray microanalyser (EDX; EMAX Energy EX-210; Horiba, Kyoto) attached to the FE-SEM.
RESULTS AND DISCUSSION
Optimization of conditions for the preparation of fibrous OCP particles
The heating of calcium phosphate solution under reflux, using urea, was conducted in order to prepare OCP. The hydrolysis of urea 16, 17 releases the ammonia, due to the increase in pH of the solution. The heating under reflux for the formation of OCP particles was conducted at 80°C for 24 h, i.e., the higher temperature for the hydrolysis of urea in order to release the ammonia for the precipitation of calcium phosphates. The noted point is to restrict the precipitation of CaHPO4 and encourage the preferential formation of fibrous OCP particles.
Firstly, the effect of Ca/P ratio on the formation of OCP was examined in order to check the reaction products. XRD patterns of the reaction products are shown in FIGURE 1, together with typical FE-SEM micrographs. The reaction products formed by heating the calcium phosphate solution with Ca/P ratio of 1.33 (= the stoichiometric ratio of OCP) under reflux were not only OCP but also CaHPO4 ( Fig. 1(a) ). On the other hand, the reaction product formed by heating the calcium phosphate solutions with Ca/P ratios of 1.67 and 2.00 (= the stoichiometric ratios corresponding to the compositions of HAP and tetracalcium phosphate (Ca4(PO4)2O: TTCP), respectively) under reflux was only OCP. FE-SEM micrographs showed the formation of fibrous particles ( Fig. 1(b) and (c) ).
The hydrolysis of urea occurs as follows:
An increase in pH of the solution brings about the formation of CaHPO4·2H2O as follows:
Two moles of the water of crystallization in CaHPO4·2H2O may be eliminated during the heating at 80ºC, followed by the hydrolysis to form OCP. CaHPO4·2H2O  CaHPO4 + 2H2O (3) 8, 19 10CaHPO4 + 5H2O → Ca8H2(PO4)6·5H2O + 2Ca
Additionally, the following reaction may be probable to form OCP when the amount of Ca 2+ is over the stoichiometric composition of CaHPO4.
6CaHPO4 + 2Ca
Apart from the hydrolysis of CaHPO4·2H2O or CaHPO4, OCP may have the possibility to preferentially form as follows:
The reaction products (OCP and CaHPO4) seem to be formed by heating the calcium phosphate solution with Ca/P ratio of 1.33, i.e., the stoichiometric ratio of OCP, under reflux along with the reaction routes of Eqs. (3) to (6) . On the other hand, the single phase of OCP may be formed by heating the calcium phosphate solutions with Ca/P ratios of 1.67 and 2.00 under FIGURE 1 XRD patterns of powders prepared by changing the Ca/P ratio from 1.33 to 2.00 under reflux at 80°C for 24 h. reflux. The excess amount of Ca 2+ over the stoichiometric amount of OCP seems to be needed for the preparation of the single phase OCP at 80°C for 24 h. According to the FE-SEM observation, the mean long-axis lengths of OCP particles prepared from the calcium phosphate solutions with Ca/P ratios of 1.67 and 2.00 are 386.2 and 431.1 m, respectively. This fact indicates that OCP particles may be preferentially formed in the presence of excess Ca 2+ , along with the route shown in Eq. (6) rather than the routes in Eqs. (4) and (5).
The optimization of various parameters has to be needed for the preparation of long-fibrous OCP particles, e.g., reaction temperature/time, concentrations of calcium/phosphate ions and urea. Fixing the Ca/P ratio at 1.67 (zero heating time being defined as the time when the pH attained 3.0 at 80ºC), the effect of Ca(NO3)2/(NH4)2HPO4 concentrations on the long-axis lengths of OCP particles was examined, due to the changes in pH value during the heating at 80ºC. The results are shown in ), the step-wise increases in pH occurred with time, i.e., the sudden increases of pH up to 6 in the range of 0 to 5 h, and then gradual increases up to 7 in the range of 5 to 25 h ( Fig. 2(c) to (e)).
The crystalline phases of the calcium phosphate solutions heated under reflux at 80ºC for 24 h were checked by XRD with the results being shown in ) under reflux, the crystalline phases were CaHPO4 and OCP (Fig. 3(a) and (b) ). On the other hand, after heating the calcium phosphate solutions with Ca(NO3)2/(NH4)2HPO4 concentrations of 0.0500/0.0300, 0.0333/0.0200 and 0.0167/0.0100
) under reflux, the crystalline phase was only OCP (Fig. 3(c) to (e)).
Based upon the XRD results, the phenomenon regarding the noted but slight changes in pH (3 to ), may be chiefly attributed to the formation of CaHPO4 (see Eq. (3)) 12 . On the other hand, the rapid increases in pH from 3 to 6, i.e., Ca(NO3)2/(NH4)2HPO4 concentrations of 0.0500/0.0300, 0.0333/0.0200 and 0.0167/0.0100 ). At higher concentrations of Ca(NO3)2 and (NH4)2HPO4, the formation of CaHPO4 and its hydrolysis restrict the anisotropic crystal growth of OCP, thereby showing the shorter long-axis length. At lower concentrations of Ca(NO3)2/(NH4)2HPO4, no formation of CaHPO4 is found, but the anisotropic growth of OCP particles seems to be retarded, due to low Ca(NO3)2/ (NH4)2HPO4 concentrations for anisotropic crystal growth.
We further examined the effect of urea concentration on the long-axis lengths of OCP particles by fixing Ca(NO3)2/(NH4)2HPO4 concentrations of 0.0500/0.0300 (mol•dm -3 /mol•dm -3 ; Ca/P ratio=1.67). Ranging from the urea concentration from 0.12 to 0.40 mol·dm -3 , the changes in pH value during the heating of calcium phosphate solution under reflux at 80ºC are shown in . On further increase in urea concentration, the mean long-axis length of fibrous particles was reduced.
Below the urea concentration of 0.20 mol•dm -3 , the crystalline phases are not only OCP but also CaHPO4 (see Fig. 6 ). As mentioned before, the formation of CaHPO4 seems to inhibit the anisotropic crystal growth of fibrous OCP particles. Nevertheless, the mean long-axis length of fibrous OCP particles is reduced with increasing urea concentration up to 0.40 mol•dm ) under reflux is shown in FIGURE 8, together with the "paper crane" made by folding the non-woven paper. The long-axis lengths were distributed over the range of 200 to 2200 m, with the mean long-axis length of 1000 m (=1 mm). Due to such long-axis length, the non-woven paper can be obtained simply by the suction filtration.
According to the quantitative analysis conducted by EDX, Ca/P ratio was found to be 1.31. This fact demonstrates the formation of single phase OCP.
Preparation of longer fibrous OCP particles
In the preceding section, the preparation conditions of fibrous OCP particles with the mean long-axis length exceeding 1000 m could be optimized, i.e., the heating of the calcium phosphate solution with Ca(NO3)2/(NH4)2HPO4 concentrations of 0.0500/ ) under reflux at 80°C for 24 h, using 0.20 mol·dm -3 urea. We found the excess amount of Ca 2+ over stoichiometry being necessary for the preparation of single phase OCP. Then the starting Ca/P ratio was enhanced from 1.67 to 2.00 in order to examine the possibility of preparing longer fibrous OCP particles by homogeneous precipitation method. The effect of urea concentration on the formation of fibrous OCP particles was checked with typical XRD patterns being shown in FIGURE 9. The crystalline phase was only OCP, regardless of the increase in urea concentration from 0.12 to 0.20 mol·dm -3 . Fixing the starting Ca/P ratio at 2.00, no CaHPO4 was detected from the precipitates obtained by heating under reflux at 80ºC for 24 h. Thus the preferential formation of OCP does not occur until the excess amount of Ca 2+ over the stoichiometry of OCP is present in the starting solution (see Eq. (6)).
The observation by FE-SEM indicated the formation of long-fibrous OCP particles. On the basis of the FE-SEM observation, the plotting of long-axis lengths of fibrous OCP particles against the concentration of urea is shown in FIGURE 10. The mean long-axis length of fibrous particles increased with urea concentration, and attained 1200 m (1.2 mm) at the urea concentrations of 0.20 mol•dm -3 . On further increase in urea concentration, the mean long-axis length was reduced. The long-axis lengths of fibrous OCP particles obtained from the calcium phosphate solution with the Ca/P ratio of 2.00 were always larger than those of the OCP particles obtained from those of Ca/P ratio being 1.67.
The long-axis length distribution of fibrous OCP particles is shown in FIGURE 11, together with typical FE-SEM micrograph. The long-axis lengths were distributed over the range of 200 to 2200 m, and the mean long-axis length was estimated to be 1200 m (1.2 mm). /mol•dm -3 ) under reflux at 80°C for 24 h, using 0.20 mol·dm -3 urea. Note that the paper crane could be made by folding the non-woven paper. 
